Introduction
============

Prostate cancer is a common malignancy of the male urinary system ([@B01]). Prostate tumors have highly variable invasive potential, but there are few reliable biomarkers for distinguishing tumors that spontaneously enter a latent stage from those that continue to grow and metastasize. Androgens are important for the maintenance of prostate structure and function, and may also regulate prostate tumorigenesis ([@B02]-[@B04]). Indeed, many current treatments for inhibiting prostate tumor growth suppress testosterone signaling. However, this form of treatment shows reduced efficacy after several years, and the majority of cases eventually become androgen-independent ([@B02]). The identification of alternative pathways that regulate prostate tumor growth and metastasis could lead to the development of new prognostic markers and therapeutic targets.

Pituitary tumor-transforming gene-1 (PTTG1) is a recently identified oncogene ([@B05]) that is overexpressed in a broad range of cancerous tissues, including oral and esophageal squamous cell carcinomas ([@B06],[@B07]), pituitary adenomas ([@B08]-[@B10]), ovarian cancers ([@B11]), thyroid cancers ([@B12]), hepatocellular carcinomas ([@B13]), breast cancers ([@B14]), hematopoietic cancers ([@B15]), and gliomas ([@B16]). Furthermore, high PTTG1 expression correlates with poor clinical outcome ([@B07],[@B16]), possibly because PTTG1 overexpression can lead to sustained overexpression of mitogens like c-Myc and FGF2 ([@B17]), inhibition of tumor suppressor and pro-apoptotic pathways ([@B18]), or reduced sensitivity to anti-neoplastic drugs ([@B14],[@B19]). In contrast to cancer cells, PTTG1 is only weakly expressed or is undetectable in most healthy adult human tissues (e.g., healthy colon and pituitary gland). Expression in healthy tissue is restricted to proliferating tissues like normal fetal liver, testis, and thymus ([@B09],[@B15]).

Analysis of PTTG1 expression in various cell lines, as well as ectopic overexpression and knockdown studies, strongly suggests that PTTG1 promotes malignant transformation. A variety of transformed cell lines overexpress PTTG1 ([@B18],[@B20]), and often exhibit altered expression of other mitogenic, apoptotic, and angiogenic genes ([@B21]). Alternatively, overexpression can lead to cell transformation and tumorigenesis without the concurrent activation of other oncogenes ([@B08]). Thymectomized nude mice injected subcutaneously with NIH3T3 fibroblasts overexpressing PTTG developed tumors within three weeks ([@B08],[@B15]). In addition to enhanced cell proliferation, PTTG1 overexpression reduced UV-induced apoptosis *in vitro* ([@B20]), while suppression of PTTG1 enhanced apoptosis ([@B18],[@B20]). Overexpression of PTTG1 is activated by the STAT5 signaling pathway ([@B22]), and PTTG1 overexpression is associated with reduced expression of the ubiquitous tumor suppressors p53 and p21 ([@B17]). Moreover, several cell senescence molecules, including Kruppel-like factor 6 ([@B23]), may act by suppressing PTTG1 expression. Moreno-Mateos et al. ([@B24]) recently demonstrated that PTTG1 is a multifunctional protein with distinct nuclear and cytoplasmic functions controlled by phosphorylation ([@B24]). Cytoplasmic PTTG1 controls the nucleation of microtubules, and PTTG1 knockdown impedes the development of cell polarity and cell migration in wound assays. Thus, PTTG1 overexpression may enhance the invasive potential of cancer cells by regulating cytoskeletal dynamics.

We have demonstrated that PTTG1 is overexpressed in the human prostate cancer cell lines LNCaP, PC3, and DU145, and is a novel androgen-responsive gene in rat prostate and LNCaP cells. We also found that up-regulated PTTG1 expression correlated with higher grade prostate cancer ([@B25],[@B26]). In the present investigation, we studied the effects of PTTG1 expression on cell growth, invasion, and cell cycle progression in the androgen-independent human prostate cell line PC3 using a specifically targeted RNAi.

Material and Methods
====================

Cell cultures
-------------

Human PC3 prostate cancer cells were obtained from the American Type Culture Collection (USA) and grown in RPMI 1640 medium supplemented with 10% (v/v) fetal bovine serum (Invitrogen, USA), glutamine (2 mM; Invitrogen), and penicillin plus streptomycin (100 U/mL and 100 µg/mL; Invitrogen) at 37°C in a 5% CO~2~ atmosphere.

Knockdown of PTTG1
------------------

To obtain a stable PTTG1 knockdown cell line, according to Ref. 20, two single-strand oligonucleotides were synthesized: top-strand 5′-CACCGTCCTCTAGACTT TGAGAGTTTCAAGAGAACTCTCAAAGTCTAGAGG ATTTTTTGGAA-3′ and lower-strand 5′-AAAATTCCAA AAAATCCTCTAGACTTTGAGAGTTCTCTTGAAACTCTC AAAGTCTAGAGGAC-3′. These 2 oligonucleotides were annealed to form duplexes. The duplex products were subcloned into the p Silencer 2.0 vector and correct insertion and orientation were confirmed by sequencing. The PC3 cells were transfected with p Silencer 2.0-PTTG1 plasmid using Lipofectamine 2000 (Invitrogen) according to the protocols of the manufacturer. After 48 h, the cell medium was changed to RPMI 1640 containing 2 µg/mL puromycin (Invitrogen) and cells were selected for 3 weeks. In the present study, the puromycin-resistant PTTG1 knockdown cells are named PTTG1RNAi cells. The stable PTTG1RNAi cells were maintained in RPMI 1640 medium supplemented with 0.5 µg/mL puromycin. A cell line stably expressing the empty p Silencer 2.0 vector was used as the control. Western blotting was performed to detect PTTG1 protein expression in these two cell lines.

Western blotting
----------------

Whole cell protein extracts were obtained by lysing exponentially growing cells in a RIPA buffer containing 50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 10 mM EGTA, 1% NP-40, 0.1% SDS, 1 mM Na~3~VO~4~, 50 mM NaF, 2 µg/mL aprotinin, 2 µg/mL leupetin, and 1 mM phenylmethylsulfonyl fluoride. Lysates were centrifuged at 16,000 *g* in an Eppendorf 5417 R centrifuge at 4°C for 15 min, and total protein concentrations in the supernatants were determined using a bicinchoninic acid protein assay (Pierce, USA). β-actin expression was used as an internal control to normalize protein content.

Proteins were separated by 15% SDS-polyacrylamide gel electrophoresis at 30 µg per gel lane, and transferred onto nitrocellulose membranes (Whatman Inc., USA). Membranes were then blocked in Tris-buffered saline with 0.1% Tween 20 containing 5% nonfat milk and probed with a primary PTTG1 antibody (1:500; Santa Cruz, USA; sc-33099) at 4°C overnight. Immune complexes were detected using horseradish peroxidase-conjugated donkey anti-rabbit or anti-goat IgG (Amersham Biosciences, Baie d\'Urfé, Canada) followed by chemiluminescence (Pierce) detection by exposure to X-ray film (Kodak, USA). β-actin expression was used as the internal control using anti-β-actin (Cell Signaling \#4967). Each Western blotting trial was repeated three times on different PC3 cultures.

Cell proliferation assay and cell cycle analysis
------------------------------------------------

Cell proliferation was assessed using the MTT-based CellTiter 96 Non-Radioactive Cell Proliferation Assay Kit (Promega, USA) according to manufacturer protocol. For analysis of the cell cycle, cells were washed with ice-cold PBS, detached with 0.25% Trypsin, and fixed with 70% ethanol overnight at 4°C. Fixed cells were subsequently washed, treated with 5 µg/mL RNase A (Sigma, USA), and stained with 50 µg/mL propidium iodide (Sigma). Stained cells were assayed in a fluorescence-activated cell sorter (Becton Dickinson, USA) and the data were analyzed using the Cell FIT software. A minimum of 10,000 cells were analyzed in each sample.

Soft agar colony formation assay
--------------------------------

A soft agar colony formation assay was performed as described ([@B27]). Briefly, 6-well plates were coated with a bottom layer of 1.5-mL base agar consisting of 0.5% agar, 1X RPMI 1640 medium, and 10% fetal bovine serum (Invitrogen), followed by a top layer of 1 mL 0.35% agar. In each well, 5 × 10^3^ cells (either control or PTTG1RNAi cells) were plated over the top layer. Each assay was performed in triplicate wells for both cell lines. Plates were assessed for size and number of colonies under a Zeiss microscope after three weeks of incubation. All experiments were performed three times using different cultures.

Transwell invasion assay
------------------------

The transwell invasion assay was performed according to a previous report ([@B28]). Briefly, 1 × 10^5^ cells were seeded onto the upper surface of a transwell insert (Costar, USA) precoated with the extracellular matrix substitute Matrigel (BD Biosciences, USA) and these upper chamber cells were incubated in serum-free RPMI 1640 medium. The lower chamber contained RPMI 1640 medium supplemented with 10% fetal bovine serum (Invitrogen). After incubation for 24 h, non-migratory cells on the upper surface were completely removed with a cotton swab. Cells on the lower surface of the insert were stained with 0.1% crystal violet for 20 min and cell number was counted under a microscope. Each cell line was plated in triplicate and each experiment was repeated three times.

MTT assay estimate the sensitivity of PC3 cells to the hemotherapy drug taxol
-----------------------------------------------------------------------------

Cell proliferation was assessed using the MTT-based CellTiter 96 Non-Radioactive Cell Proliferation Assay Kit (Promega) according to the manufacturer protocol and previously described experimental procedures ([@B29]). Briefly, 3000 cells were seeded on 96-well plates and cultured for 24 h and four taxol concentrations (5, 10, 20, 40 ng/mL) were added. Cell viability was examined 24 h after treatment. The results represent the ratio of the absorbance at 490 nM of the treated and untreated cells, at the indicated time points. Each data point is reported as the mean and standard deviation. The experiment was repeated six times.

Statistical analysis
--------------------

Data are reported as means ± SD. Mean differences were compared by ANOVA and the Student *t*-test. A P value of less than 0.05 was considered to be statistically significant.

Results
=======

PTTG1 knockdown inhibited PC3 cell proliferation
------------------------------------------------

To determine whether PTTG1 expression is related to the rate of PC3 cell proliferation, MTT cell viability assays were performed daily on control and PTTG1 knockdown cell lines for 7 days after seeding. We first determined by Western blotting that the cell line stably expressing a PTTG1-targeted RNAi (PTTG1RNAi line) exhibited reduced PTTG1 expression compared to control cells ([Figure 1A](#f01){ref-type="fig"}). The rate of cell proliferation was then estimated by measuring the conversion of MTT to formazan by viable cells after each day of growth *in vitro* ([Figure 1B](#f01){ref-type="fig"}). The PTTG1RNAi line exhibited slower proliferation as indicated by the reduced formazan accumulation (measured by absorbance at 490 nm) by day 6 *in vitro* (days 6 and 7, P \< 0.05).

Figure 1.Pituitary tumor-transforming gene-1 (PTTG1) knockdown reduced PC3 proliferation. *A*, Reduced expression of PTTG1 protein in PC3 cells stably transfected with an RNAi targeting PTTG1 (PTTG1RNAi cells) compared to control cells expressing the empty vector. A representative Western blot of 3 samples is shown. *B*, An MTT assay was used to evaluate the proliferation rates of the PTTG1RNAi and control cell lines. The number of viable cells, an index of proliferation, was significantly reduced in PTTG1RNAi cultures compared to control on days 6 and 7 of culture. ^\*^P \< 0.05 compared to control (Student *t*-test).

PTTG1 knockdown reduced PC3 cell colony formation
-------------------------------------------------

A soft agar colony formation assay confirmed the reduced proliferative potential of the PTTG1RNAi cell line ([Figure 2](#f02){ref-type="fig"}). Low-density cell suspensions were cultured for three weeks on soft agar substrate supplemented with growth medium and serum. Typical low-power microscopic fields of soft agar wells ([Figure 2A](#f02){ref-type="fig"}) illustrate the reduction in PTTG1RNAi cell colony number compared to control colony number. On average, the PTTG1 knockdown PC3 cell line formed fewer colonies (3.4 ± 0.4 colonies per low power field) than the control line stably transfected with the empty vector ([Figure 2B](#f02){ref-type="fig"}; P \< 0.05). Only colonies larger than 1 mm in diameter were counted.

Figure 2.Pituitary tumor-transforming gene-1 (PTTG1) knockdown reduced PC3 cell colony formation. *A*, Colonies of PTTG1RNAi and control PC3 cells larger than 1 mm in diameter were counted. The light micrographs show colonies formed after 3 weeks of growth on soft agar. *B*, The number of PC3 colonies was significantly reduced by PTTG1 knockdown (^\*^P \< 0.05, Student *t*-test) compared to control. The bar graph shows the mean number of colonies in 10 low-power fields for each cell line.

PTTG1 knockdown caused cell cycle arrest in G1
----------------------------------------------

We then compared the fractions of propidium iodide-stained PTTG1RNAi and control PC3 cells in each phase of the cell cycle by fluorescence-activated cell sorting ([Figure 3](#f03){ref-type="fig"}). A significantly greater fraction of PTTG1RNAi cells were in G1 (68.67%) compared to control cells, while a lower percentage were in S + G2 (31.33%) compared to control cells, suggesting that PTTG1 knockdown results in G1 cell cycle arrest.

Figure 3.Pituitary tumor-transforming gene-1 (PTTG1) knockdown caused G1 cell cycle arrest. After staining with propidium iodide, cells were subjected to fluorescence-activated cell sorting analysis. Data are reported as means ± SD. ^\*^P \< 0.05 compared to control (Student *t*-test).

PTTG1 knockdown reduced the invasive capacity of PC3 cells
----------------------------------------------------------

To examine the effect of PTTG1 expression on the invasive capacity of PC3 cells, control and PTTG1RNAi cell lines were compared in a transwell invasion assay ([Figure 4](#f04){ref-type="fig"}). Typical images of crystal violet-stained cells on the underside of a Matrigel-coated transwell membrane ([Figure 4A](#f04){ref-type="fig"}) illustrate the reduced number of PTTG1RNAi cells that migrated across the Matrigel after 24 h. On average, significantly fewer PTTG1RNAi cells (26 ± 7 cells/field) migrated through the Matrigel compared to control cells (47 ± 6 cells/field, [Figure 4B](#f04){ref-type="fig"}; P \< 0.05).

Figure 4.Pituitary tumor-transforming gene-1 (PTTG1) knockdown reduced invasive capacity as revealed by a transwell invasion assay. *A*, A significantly greater number of cells (stained blue) were observed on the underside of the Matrigel in transwell assays of control cultures than in transwell assays of PTTG1RNAi cultures. *B*, Quantification of the numbers of PTTG1RNAi and control PC3 cells migrating through the Matrigel. ^\*^P \< 0.05 compared to control (Student *t*-test).

Down-regulation of PTTG1 leads to increased sensitivity to taxol
----------------------------------------------------------------

To further investigate the possibility of using PTTG1 as a target to increase chemosensitivity in PC3 cells we performed the MTT assay to investigate whether down-regulation of PTTG1 had any effect on cell viability, in response to taxol compared to the vector control and parental PC3. As shown in [Figure 5](#f05){ref-type="fig"}, down-regulation of PTTG1 by RNAi was associated with decreased cell viability of PC3 cells in a dose-dependent manner in response to taxol treatment compared with the parental lines and vector controls. The cell viability of PTTG1 was lower than that of the controls after treatment with taxol. The difference was significant at higher drug concentrations (20, 40 ng/mL; P \< 0.05). The results indicate that down-regulation of PTTG1 in PC3 cells leads to decreased cell viability in response to taxol.

Figure 5.Viability of pituitary tumor-transforming gene-1 RNAi (PTTG1RNAi), vector controls and parental PC3 after exposure to taxol as determined by the MTT assay. Cells were seeded on 96-well plates and drugs were added 24 h later. Cell viability was examined 24 h after treatment. Results are reported as the absorbance ratio of treated and untreated cells. Note that cell viability of PTTG1RNAi is lower than that of the vector controls and parental PC3. ^\*^P \< 0.05 compared to the vector control and parental PC3 (ANOVA).

Discussion
==========

Studies on the genesis and progression of prostate cancers have mainly focused on the activation and expression of oncogenes. These studies have identified a myriad of such genes, including hereditary prostate cancer-1 on chromosome 1q ([@B30]), MAX-interacting protein-1 on chromosome 10q, and the KAI1 prostate cancer antimetastasis gene on chromosome 11p ([@B31],[@B32]). In a previous study, we demonstrated that PTTG1 promoted the proliferation of the prostate cell line LNCaP. In the present study, we found that PTTG1 is required for PC3 prostate cell growth and invasion. In light of our results showing that PTTG1 is overexpressed in human prostate cancer tissue ([@B26]), the present results strongly suggest that PTTG1 is a critical mediator of prostate tumor growth and invasion.

PTTG1 is highly expressed in a variety of other human tumor tissues ([@B10]-[@B12]). In addition, PTTG1 can regulate the expression of many genes involved in proliferation and cell cycle control. For example, PTTG1 can activate the oncogene c-myc to facilitate the formation and progression of tumors ([@B33]). Furthermore, PTTG1 can facilitate the expression of β-FGF, a strong angiogenic factor critical for tumor metastasis ([@B21]). In our study, PTTG1 knockdown greatly reduced the proliferation rate and colony formation of PC3 cells ([Figures 1](#f01){ref-type="fig"} and [2](#f02){ref-type="fig"}). Aside from oncogene activation, PTTG1 participates in cell cycle regulation and cell senescence by restraining the expression of the ubiquitous tumor suppressors p53 and p21 ([@B34]). Our results showed that PTTG1 knockdown resulted in cell cycle arrest at G1 ([Figure 3](#f03){ref-type="fig"}) and failure to reach the G2/M transition, thus explaining the inhibition of PC3 cell growth. Future studies are required to determine whether PTTG1 knockdown leads to reduced expression of proto-oncogenes or to increased expression of tumor suppressors like p53, or both.

Malik and Kakar ([@B35]) found that HEK293 cells overexpressing PTTG1 exhibited enhanced expression and secretion of matrix metalloproteinase 2 (MMP-2), an extracellular protease involved in tissue remodeling, when injected into subcutaneous tumors of nude mice. Thus, in addition to effects on cell cycle progression, PTTG1 may facilitate the migration and metastasis of tumor cells by up-regulating the expression and secretion of MMP-2 ([@B35]). Consistent with previous reports showing that PTTG1 can increase MMP-2 expression and activity, we found that knockdown of PTTG1 expression in PC3 cells suppressed the invasive potential as evidence by a transwell assay ([Figure 4](#f04){ref-type="fig"}). Thus, PTTG1 underexpression appears to inhibit tumor cell proliferation and migration. Again, further studies are required to elucidate the molecular mechanisms by which PTTG1 knockdown inhibits cell invasion.

The advanced stage of malignancy is always an obstruction in the treatment of prostate cancer. The major stumbling block is the tendency of prostate cancer to transform to androgen reflexive after an initial period of remission after androgen ablation therapy. In addition, chemotherapy has not shown good results in prostate cancer, probably due to the relatively slow growing nature of the tumor and the elderly age of the patients. Also, some investigations have considered anticancer drug resistance in prostate cancer to be related to the expression of certain genes. In the present study, using the MTT assay, we have demonstrated that inactivation of PTTG1 in androgen-independent prostate cancer cells is able to induce sensitivity to taxol, a commonly used anticancer drug, ([Figure 5](#f05){ref-type="fig"}) and PTTG1 may be a novel therapeutic target for prostate cancer. A more in-depth study will confirm this and determine that the mechanism of PTTG1 down-regulation leads to increased sensitivity to anticancer drugs.

In conclusion, our observations suggest that PTTG1 knockdown can significantly reduce proliferation rate, disrupt cell cycle progression, inhibit cell invasion, and increased sensitivity to anticancer drugs. In light of our previous study ([@B26]) demonstrating PTTG1 overexpression in prostate tumors but little or no expression in healthy tissue, these results suggest that PTTG1 may be a valuable prognostic marker and a novel therapeutic target in prostate cancer.
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